Small cell lung cancer (SCLC) represents 15% of lung cancers and is characterized by early dissemination, development of chemoresistance and a poor prognosis. A host of diverse drugs failed invariably and its mechanisms of global chemoresistance have not been characterized so far. SCLC represents the prototype of an aggressive and highly metastatic tumor which is ultimately refractory to any treatment. High numbers of circulating tumor cells (CTCs) allowed us to establish 5 CTC cell lines (BHGc7, 10, 16, 26 and UHGc5) from patients with recurrent SCLC. These cell lines exhibit the typical SCLC markers and CTCs of all patients developed spontaneously large multicellular aggregates, termed tumorospheres. Ki67 and carbonic anhydrase 9 (CAIX) staining of tumorosphere sections revealed quiescent and hypoxic cells, respectively. Accordingly, comparison of the chemosensitivity of CTC single cell suspensions with tumorospheres demonstrated increased resistance of the clusters against chemotherapeutics commonly used for treatment of SCLC. Therefore, global chemoresistance of relapsing SCLC seems to rely on formation of large tumorospheres which reveal limited accessibility, lower growth fraction and hypoxic conditions. Since similar tumor spheroids were found in other tumor types, SCLC seems to represent a unique tumor model to study the association of CTCs, metastasis and drug resistance.
Small cell lung cancer (SCLC) is an aggressive neuroendocrine lung tumor representing 15% of lung cancers which is found disseminated in most patients at the time of first presentation 1, 2 . The great majority of patients consist of smokers with heavy tobacco consumption for decades 3 . Genetically, SCLC is characterized by inactivation of tumor suppressors p53 and retinoblastoma gene (Rb1) and additional mutations or increased expression of a wide range of different drivers for small subpopulations of patients 1, 4 . Current standard care for extended stage disease (ED-SCLC) or metastatic SCLC is platinum-based chemotherapy and thoracic/prophylactic cranial irradiation 5, 6 . Despite very high initial response rates, tumors recur rapidly within 1-2 years comprising local relapse or metastasis to liver, brain, bone and other secondary sites. Second-line therapy employs the single approved chemotherapeutic topotecan or anthracycline-based therapy as alternative but yields poor responses of short duration 5, 6 . A host of studies performed over the last decades evaluating all kinds of conventional chemotherapeutics, novel drugs, targeted and antiangiogenic agents failed to provide a survival benefit in SCLC over standard chemotherapy [5] [6] [7] . The poor prognosis of SCLC, with a typical overall 5-year survival of 5-10% which has not changed considerably for the last decades, requires new modalities of treatment guided by a better understanding of the underlying biology of tumor spread and development of drug resistance. Tumor relapse and spread in SCLC seems to be related to the extraordinary high counts of circulating tumor cells (CTCs) which exceed CTC numbers in other malignancies by orders of magnitude 8, 9 . Part of these CTCs were suggested to exhibit a general chemoresistance and to be able to induce secondary lesions. Most CTCs perish in the peripheral circulation and only a small subpopulation has tumor-initiating properties but these actual tumorigenic cells are not identifiable among the heterogeneous cancer cells populations we were successful in establishing 5 CTC cell lines so far which grow continuously in tissue culture 11, 12 . These SCLC CTC lines derived from different patients exhibit similar expression of proteins, cytokines and various receptors, indicating their important role in metastatic SCLC. A cell biological profile of such CTCs stemming from relapsed SCLC patients could now be investigated to find putative mechanisms of chemoresistance for the first time. SCLC seems to represent the prototype of a tumor capable of aggressive growth, rapid generation of CTCs, acquisition of a universal chemoradioresistant phenotype and low survival. Access to the SCLC CTC lines offers a singular opportunity to study the interrelation of CTCs, metastasis and development of resistance which may apply to other tumor types which display these processes in a more protracted manner as well.
Results

SCLC marker expression in CTC cell lines.
Expression of typical SCLC markers synaptophysin (SYP), enolase-2 (ENO2) and chromogranin A (CHGA) of the CTC lines BHGc7, 10, 16, 26 and UHGc5 were tested in RT-qPCR relatively to RNA from normal lung tissue (Fig. 1) . All SCLC CTC lines were found to show marked expression of all 3 markers, corresponding to their SCLC origin. Whereas expression of SYP and ENO2 was similar in the five CTC lines, expression of CHGA varied widely and is normally correlated with the content of intracellular secretory vesicles. An additional marker, namely CD56/NCAM, is shown in immunohistochemistry for the CTC tumorospheres below.
Light and scanning electron microscopy (SEM) of CTC tumorospheres. Light microscopy of the CTC cultures revealed large multicellular clusters, termed tumorospheres, which grow to sizes of 1-2 mm in diameter and show a dark core region for larger aggregates ( Fig. 2A) . In contrast to other tumor spheroids described, these tumorospheres develop in all 5 CTC lines spontaneously in regular tissue culture medium without the need to inhibit cellular adherence to substrates. In SEM, tumorospheres appear as multicellular aggregates with outer cells forming a densly closed spheroid surface (Fig. 2B ).
Cytotoxicity tests of SCLC CTCs as single cell and tumorospheres. Equivalent CTC cell numbers either in form of single cell suspensions or as tumorospheres were exposed to topotecan and epirubicin, respectively, which are commonly used as second-line chemotherapeutics in relapsed SCLC. Tumorospheres used in these cytotoxicity assays exhibit diameters of up to 300 µm. Dose-response curves for these two drugs and the BHGc10 CTC cell line showed a significant decrease of the chemosensitivities of tumorospheres to both drugs in comparison to single cell cultures (Fig. 2C,D) .
These cytotoxicity tests were performed for all 5 SCLC CTC cell lines and extended to include cisplatin and etoposide which constitute the most common administered first-line cytotoxic drugs for SCLC patients in combination. The resulting IC 50 values are shown in Fig. 3 , left side. As single cell suspensions, all CTC lines are chemosensitive to the drugs tested, except for BHGc10 and cisplatin. BHGc10 was established from a patient refractory to primary chemotherapy comprising the platinum/etoposide combination. Again, all CTC lines in form of tumorospheres exhibit significantly higher chemoresistance to all 4 chemotherapeutics in comparison to the same cells employed as single cell suspensions. The mean increase in chemoresistance was 4.8 ± 1.8 fold for cisplatin, 4.6 ± 1.3 fold for etoposide, 9.0 ± 3.2 fold for topotecan for all CTCs, and approximately 50 fold for BHGc7 and 16 and 6.8 ± 2.5 fold for BHGc10 and 26 and UHGc5 for epirubicin, respectively.
For further characterization, CTC tumorospheres were fixed, embedded in paraffin and sections prepared for immunohistochemistry. The right side of Fig. 3 . shows sections of UHGc5 tumorospheres stained for the SCLC markers CD56/NCAM and CHGA as well as carbonic anhydrase IX (CAIX) and the proliferation marker Ki67. In addition, BHGc16 and 26 tumorospheres with CAIX and Ki67 staining are depicted. All tumorospheres of larger 
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either as membrane-bound enzyme and or as an extracellular soluble fragment (sCAIX) lacking the transmembrane part but retaining the active enzymatic site. ELISA measurements of sCAIX demonstrated low levels of this antigen in single cell suspensions of the CTC lines, with exception of UHGc5 which released significant amounts of this antigen under normoxic conditions (Fig. 5 ). Tumorospheres showed a significant higher release of sCAIX compared to the single cell cultures of the CTCs, indicating more hypoxic conditions in these multicellular aggregates. HIF1α protein expression was tested in Western Blots but was found in BHGc7 clusters at low levels (data not shown), possibly indicating intermittent oxygenation of the clusters which results in transient expression of this transcription factor but continuing expression of CAIX which possesses a hypoxia-responsive element (HRE) in its promotor.
Discussion
Extended disease SCLC is characterized by early failure of chemoradiotherapy and low activity of all chemotherapeutics tried in the second-line setting 1, 2 . So far, it is not clear how this kind of broad chemoresistance develops following the excellent responses in most patients during first-line therapy 4 . Apparently, a few primary or disseminated tumor cells survive the first cycles of chemotherapy and generate relapses within a period of approximately one year. This would fit the cancer stem cell (CSC) model which describes tumor cell recurrence as expansion of a small subpopulation of pluripotent and highly resistant cancer cells which survive initial chemotherapy 13 . SCLC exhibits extremely high counts of CTCs which are clearly involved in tumor spread and relapse and may comprise a subpopulation of CSCs 9 . However, we showed that the SCLC CTC cell lines are highly sensitive to topotecan and epirubicin as single cells in in vitro cytotoxicity assays and this phenotype is not compatible with the characteristics of drug-resistant CSCs. Furthermore, we tested the SCLC CTC lines for expression of typical CSC markers, such as CD133, ABCG2 and sensitivity to salinomycin, but obtained negative results except for the single expression of CD133 in a CTC line established from a patient with primary resistance to cisplatin (manuscript submitted) 14 . Therefore, SCLC CTCs must exploit mechanisms of survival different from common cellular alterations and pathways resulting in chemoresistance, such as increased drug efflux, inactivation or mutation of targets, increased repair and others. Additionally, individual drug resistance mechanisms for a wide range of unrelated chemotherapeutics have not been demonstrated in SCLC cells and attempts to reverse suppression of apoptosis were not successful 15, 16 . All SCLC CTC cultures showed spontaneous formation of large multicellular aggregates which grow to diameters of 1-2 mm, designated tumorospheres, under regular cell culture conditions 11, 12 . Such spheroidal and organized cell arrangements are not observed in the SCLC cell lines, which grow as loosely connected and irregular cell clusters 12 . In most systems, tumor spheroids are only formed in response to culture conditions which prevent attachment of the cells, such as hanging drop cultures or use of low-adherence substrates and other methods 17, 18 . Tumorospheres grown to large sizes of up to several 100 μm are expected to show a lack of nutrients and oxygen as well as an accumulation of waste products in their interior 19, 20 . In comparison to two-dimensional (2D) Figure 3 . Chemosensitivity of the CTC SCLC lines (IC 50 , mean ± SD) and immunohistochemistry of sections of tumorospheres. All differences between single cells (SC) and tumorospheres (TS) are statistically significant. Immunohistochemical staining of sections of UHGc5, BHGc16 and BHGc26 CTCs was performed using antibodies directed to CD56, CHGA, CAIX and Ki67, respectively. cell cultures, 3D cultures or spheroids exhibit increased resistance to chemotherapeutics and irradiation due to presence of quiescent cells, cell contact-mediated effects and lack of generation of oxygen radicals [21] [22] [23] [24] [25] . Cancer cells grown in vitro as spheroids represent the chemoresistance phenotype of native solid tumors exactly and display pathways of resistance linked to hypoxia, alterated chromatin structure, impairment of apoptosis, cell cycle alterations and decreased drug perfusion 26 . All 5 SCLC CTC lines express typical neuroendocrine markers and form tumorospheres with enclosed surfaces and hypoxic/necrotic cores. Ki67 high expressing cells are enriched in the peripheral region and quiescent cells near the core and expression of CAIX in the inner regions indicate at least transient hypoxia 27, 28 . Expression of HIF1α may be short-lived but turnover of CAIX is slowly. Correspondingly, the release of sCAIX is higher in supernatants of tumorospheres compared to single cell suspensions 29 . Comparative cytotoxicity tests employing 4 common drugs used in the therapy of SCLC reveal significantly increased chemoresistance of all tumorospheres which may account for the observed clinical refractoriness of relapsed patients. This barrier function of tumorospheres and decreased sensitivity of quiescent cells can explain the broad-range drug resistance in relapsed SCLC as hindrance to reach an efficient level of the agents at the target site and to kill insensitive cells altered in a multicellular assembly 19, 20 . In vivo tumor growth is characterized by the development of hypoxic and necrotic areas caused by variable supply of oxygen and shifting supply of nutrients. The expression of numerous genes differs between cells growing as MCTS as compared to monolayer cultures. Cell lines from tumor and normal tissues kept as monolayers display a downregulation of the number and levels of differentially expressed genes by up to 70% 30 . Increasing colorectal cancer spheroid sizes are characterized by initial normoxia, subsequent hypoxia, and eventual hypoxia plus necrosis, respectively 26 . MCTSs which most closely resemble gene expression profiles of in vivo growing tumors and exhibit the highest chemoresistance are present in cell lines of most solid cancers and pluripotent stem cell cultures 19, 20, 31 . In ovarian cancer patients, spheroids can also form by budding directly as clusters from cell monolayers and were found to acquire progressive resistance to the chemotherapeutics paclitaxel and cisplatin 32 . This type of chemoresistance could be completely reversed by dissociation of the spheroids. Quiescent colon adenocarcinoma tumor spheroids showed decreased expression of the proliferation marker Ki67 and increased expression of the quiescence marker p27(Kip1) compared to proliferating spheroids 25 . The quiescence was completely reversible demonstrating that the quiescent cancer cells retained the ability to proliferate. The cytotoxicity of doxorubicin and cisplatin was significantly reduced in spheroids containing quiescent cells and, furthermore, 5-FU and vinblastine showed no cytotoxicity. Contrary to 2D cultures, no significant loss of viability was observed in 3D systems of endometrial cancer in response to doxorubicin and cisplatin 33 . Despite high investments to develop new cancer therapeutics, about 90% of drugs finally tested in clinical trials fail 34, 35 . Spheroids with sizes of 250-750 µm are detectable in cancer patients and, correspondingly, traditional testing methods are increasingly being complemented by 3D models of human tumors. However, the underlying assumption, that multicellular spheroids formed through enforced detachment of cells from substrates by techniques such as hanging drops, low adherence culture plates or other means, are largely identical to spontaneously originating tumorospheres, has not been validated. Although artificially prepared spheroids may be suitable to test some aspects of resistance to drugs, targeting the formation of clusters or attempts to disintegrate spheroids may depend on the specific factors contributing to spontaneous assembly of the aggregates under natural conditions 36, 37 . For relapsed SCLC, the failure of a host of chemotherapeutics to improve therapy and survival seems to be linked to the formation of tumorospheres, which provide higher chemoresistance against chemically diverse drugs indiscriminately (Fig. 6) . Spheroid cultures were demonstrated to differentially express genes involved in extracellular matrix organization and cell adhesion but not in cellular mechanisms of drug resistance and isolated cluster cells are chemosensitive 30, 32 . In conclusion, chemotherapy responsiveness of CTCs from relapsing SCLC patients is likely to be determined by the protein interactome involved in cell aggregation which is difficult to deduce from transcriptomics data. Universal chemoresistance due to formation of large clusters may not be limited to SCLC but occur in other related tumors, such as glioblastoma and neuroectodermal tumors, as well. Furthermore, individual metastatic cancer cells in peritoneal fluid derived from the ovary and gastrointestinal tract can form multicellular spheroids which are resistant to anoikis, apoptosis, and chemotherapeutics 38, 39 . Demonstration of spheroid-mediated chemoresistance in SCLC CTCs points to completely new ways to tackle the poor survival rates of this aggressive malignancy, although effective clinical strategies to overcome this type of physical barrier are currently not available. The SCLC CTC lines supply spontaneously formed spheroids which seem to provide in vitro equivalents of actual in vivo multicellular structures and can be used to study metastasis via CTCs, drug resistance and advanced therapeutic modalities for attacking 3D-tumor structures. Tumorosphere-related drug resistance emulates the clinical picture of the putative CSC-associated resistance which has not translated to clinical successful treatments so far 40 . supplemented with 10% fetal bovine serum (Biochrome) and antibiotics (Sigma-Aldrich, St.Louis, MO, USA) under tissue culture conditions and split following detachment with cell scrapers (TPP, Trasadingen, Switzerland).
Materials and Methods
CTC
Light and electron microscopy. Embedding of the tumorospheres. Paraformaldehyde-fixed CTC clusters were separated from adherent cells by washing with PBS and transferred into a fresh reaction tube. Clusters were centrifuged at 400 g and the supernatant was removed. Subsequently, clusters were washed with 10 ml distilled water for 30 minutes under frequent mixing. Clusters were transferred into a 1.5 ml reaction tube, centrifuged and water was replaced by 70% ethanol for one hour under frequent mixing at room temperature. This step was repeated with 85%, 96% ethanol and isopropanol, each for one hour. Isopropanol was removed as completely as possible and lower melting paraffin (52-54 °C) was added. For the first 15 minutes, the tube was inverted in regular intervals and then incubated overnight at 60 °C. The next morning, the paraffin was discarded as completely as possible and higher melting paraffin (56-58 °C) was added. Again, the tube was inverted in regular intervals within the first 15 minutes and then incubated overnight at 60 °C. Afterwards, the tube was cooled at room temperature till the paraffin solidified. The tip of the tube, which contains settled CTC clusters, was cut off with a scalpel and the paraffin tip was embedded in a paraffin block. 4 µM thick sections were cut with the Microtom HM 355 S (Thermo Fisher, Waltham, MA, USA) and dried overnight at 37 °C.
Immunohistochemistry of the tumorosphere sections. Cluster sections were deparaffinized at 60 °C for 25 minutes. Afterwards, rehydration took place by incubation for 3 × 10 minutes with xylol and five minute incubations with absolute, 96%, 70%, 50%, 30% ethanol and PBS. Antigens were retrieved by a 20-min incubation in hot EDTA buffer (10 mM Tris base, 1 mM EDTA, 0.05% Tween 20, pH = 9) in a steamer. After 20 minutes cooling at room temperature and 2 × 5 minutes washing with PBS, clusters were permeabilized with PBS-Tween 0,2% for five minutes. Thereafter, unspecific background was blocked with 5% FCS for 30 minutes at room temperature and primary antibody incubation for CHGA (Acris Antibodies AP15478PU-T, 1:300), CAIX (Novus Biologicals NB100-417, 1:200), CD56 (Biolegend MEM-188, 1:100) and Ki-67 (Ventana 790-4286, 1:3) diluted in 0,1% BSA took place in a humidity chamber at room temperature for one hour. Slides were washed 3 × 10 minutes in PBS-Tween 0,05% and corresponding Envision + HRP labelled polymer antibodies (Dako, Glostrup, Denmark) were applied to the slides for 30 minutes at room temperature in a humidity chamber. After 3 × 10 minutes washing steps with PBS-Tween 0,05%, visualization took place by adding DAB chromogen (Dako). Reaction was stopped by immersing into distilled water and cell nuclei were counterstained with hematoxylin (Dako). After eight seconds in PBS, and rinsing with distilled water, sections were mounted with Fluoromount-G (Southern Biotech, Birmingham, AL, USA). Aquisition of the microscopic images and quantitiative evaluation was done using the TissueFAXS System and HistoQuest software 4.0.4.159 (TissueGnostics, Vienna, Austria).
Scanning electron microscopy (SEM).
For SEM, samples were washed twice with PBS and fixed in Karnovsky's fixative (2% paraformaldehyde, 2,5% glutaraldehyde in 0.1 M phosphate puffer pH 7.4; Morphisto ® , Frankfurt am Main, Germany) and dehydrated in a graded ethanol series. Ethanol dehydration was followed by hexamethyldisilazane drying (HMDS, Sigma-Aldrich). Specimens were immersed in HMDS for 30 min and air dried. After complete evaporation of HMDS, samples were fixed to specimens mounts with double-faced adhesive tape, gold sputtered (Sputter Coater, SC502, Polaron, Fisons Instruments ® , England) and then examined in a scanning electron microscope (JSM 6310, Jeol Ltd. ® , Japan) at an acceleration voltage of 15 kV.
Cytotoxicity assay. Cytotoxicity was assessed using MTT assays and dilution steps of respective chemotherapeutics. In brief, 1 x 10 4 cells in 100 µl medium as single cell suspension or tumorosphere were distributed to wells of 96-wells microtiter plates (TPP, Trasadingen Switzerland) and ten 2-fold dilutions of the chemotherapeutics were added in triplicate. Assays were at least performed in triplicate. Experimental observations suggest that chemotherapeutics reach only the first layers of tumor spheroids and we have shown that the SCLC CTC cells form a densely-closed surface layer of tumorospheres 41, 42 . Calculating CTC cell size and the surface area of the globular tumorospheres, 1 x 10 4 suspension cells correspond to the same number of cells accessible at the surface of the spheroids when using 8 clusters of 0.2 mm diameter or 15 clusters of 0.15 mm diameter, respectively. The mean size of the clusters used for the cytotoxicity tests were determined and the number of clusters/well adjusted accordingly. The plates were incubated for four days under tissue culture conditions and viable cells detected using a modified MTT assay (EZ4U, Biomedica, Vienna, Austria). IC 50 values were determined from dose-response curves using Origin 9.1 software (OriginLab, Northampton, MA, USA).
Cell cycle analysis. Cell cycle distributions were determined by propidium iodide (PI) staining and flow cytometry. 1 x 10 6 cells per well were incubated in six-well plates for three days. Cells were harvested and fixed with 70% ethanol at −20 °C for 30 min and stained with 20 µg/ml propidium iodide (PI) and 5 µg/ml ribonuclease A in 0.05% NP40/PBS. Cells were analyzed by flow cytometry (Cytomics FC500) and MultiCycle AV software (Phoenix Flow Systems, San Diego, CA, USA).
Determination of sCAIX. Soluble CAIX was determined using an ELISA assay according to the manufacturer's instructions (Human Carbonic Anhydrase IX Quantikine ELISA Kit; R&D Systems, Minneapolis, MN, USA) Statistical analysis. Statistical significance was tested by t-tests and p < 0.05 regarded as significant difference.
